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Ferrocene Species Included within a Pyrogallol[4]arene Tube
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Research in host–guest complexes with ferrocene as
a guest continues to attract attention. Macrocyclic hosts
spanning from curcubiturils[1] and cyclodextrins[2] to resorci-
narenes[3] have been used to both encapsulate ferrocene and
use as a component in nanometric frameworks. C-alkylpyro-
gallol[4]arenes (PgCs) are bowl-shaped compounds that are
commonly used as building blocks in the construction of
larger entities, such as capsules[4] and nanotubes.[5] Our work
with C-methyl and C-heptylpyrogallol[4]arene has likewise
shown that these compounds can function as hosts for ferro-
cene.[6] The host–guest complex thus formed is a dimeric
capsule with the enclosed and highly ordered ferrocene lo-
cated between two PgC hemispheres.

In addition to such capsular motifs, the conical shape of
the calixarenes,[7] resorcinarenes,[8] and pyrogallolarenes[5]

can likewise lead to the formation of tubular solid-state
structures. These often incorporate large nonsolvent mole-
cules as part of the tubular framework. An excellent exam-
ple of a PgC-based tubular framework that accommodates
large nonsolvent molecules is the host–guest complex of C-
hexylpyrogallol[4]arene (PgC6) with pyrene.[9] In this com-
plex, tetramers of PgC6 associate with one another through
hydrogen bonding, whereas the pyrene molecules intercalate
between the C-hexyl pendant arms of the PgC. This leads to
two distinct regions within the structure: a hydrophilic tube
that encloses guest solvents along with a hydrophilic tube
that accommodates the pyrene. Herein, we describe
a second host–guest complex of C-methylpyrogallol[4]arene
(PgC1) and ferrocene that conforms to a tubular structural
motif. In contrast to the capsular motif, a tubular hydropho-
bic cavity, rather than a capsular cage, is responsible for in-
carceration of the guest, whereas the hydroxyls of the PgC1

complexes along with polar solvent molecules form the
long-range hydrogen-bonding superstructure.

Slow changes in concentration of a PgC1 and ferrocene so-
lution caused by evaporation led to the crystallization of this
unique architecture. Methanolic solutions containing various
ratios of PgC1 to ferrocene (with the concentration of ferro-
cene set at 10�3 molL�1) were allowed to evaporate until
crystallization was evident. At a 1:1 PgC1/ferrocene ratio,
crystals of the previously reported dimeric product were the
sole product.[6] However, at ferrocene ratios of 6:1 or
higher, two different crystal habits formed were found, with
green needle-like crystals accompanying the dark blue
prisms of the ferrocene dimer. X-ray diffraction analysis of
the single crystal showed the dark green needles to be
a novel tubular motif 1 featuring ferrocene “beads” in a hy-
drophobic cylinder of repeating trimers of PgC1.

The tubular structure 1 (Figure 1) displays a complicated
hydrogen-bonding arrangement of PgC1 complexes. Each
tube consists of alternating units of 3 PgC1 complexes rotat-
ed by 608 relative to one another along the crystallographic
C axis and a single ferrocene guest. The overall structure
thus closely resembles a family of resorcinarene-based nano-
tubes described by Rissannen et al.[8] However, in contrast
to both the resorcinarene tubes and our previously reported
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Figure 1. Structure of a single repeating unit of A) 1, B) two overlaid
units showing a 608 rotation, and C) a view showing the propagation of
the tubular framework. Disorder of encapsulated ferrocene molecules
precludes their description as discrete guests (see the Supporting Infor-
mation for additional images of tubular cavity).
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PgC/ferrocene dimeric capsule, the guest is not located
within the bowl-shaped cavity of the PgC1, but rather within
the hydrophobic tubular environment spanned by the C-
methyl pendant arms of the PgC1 (Figure 1). A disordered
methanol molecule instead occupies the space within the
bowl. The location of the ferrocene within this environment
does not lend well to C�H···p or other interactions with ad-
jacent PgCs. Thus, the Fe center is disordered over two posi-
tions, and the cyclopentadiene rings are present as a highly
disordered torus of electron density. This indicates a high
degree of mobility of the ferrocenes within the tube. The
three PgC1 complexes located in each repeating layer do not
participate in hydrogen bonding with one another, but
rather with four PgC1 complexes in adjacent layers, two
above and two below (Figure 1 a). Each PgC1 also partici-
pates in hydrogen bonding with four other PgC1 complexes
in adjacent tubes. A single-water molecule located outside
the cavity also participates in hydrogen bonding with each
PgC1, helping to tie together three adjacent tubes. As an ad-
ditional note, broadening in the peak corresponding to fer-
rocene in the 1H NMR spectrum showed that the ferrocene
guest was likely paramagnetic and thus present as the ferro-
cenium cation. The lack of a counterion suggests that
a singly deprotonated PgC1 counterbalances the +1 charge
of the ferrocenium ion.

Similar to the previously described ferrocene dimer,
small-angle neutron scattering (SANS) was used to study
this entity 1 in solution. SANS measurements were per-
formed on NG7 30 m SANS instrument at the National In-
stitute of Standards (NIST) Center for Neutron Research,
Gaithersburg, MD.[9] SANS analysis provided structural de-
tails in solution that cannot be obtained with conventional
techniques. Unlike light scattering techniques or diffusion
NMR, SANS technique requires no assumption that dis-
solved species is spherical in solution.

The tubular assembly 1 was dissolved in [D4]methanol at
a mass fraction of 2 % to obtain sufficient scattering statis-
tics with SANS. The sample was then left overnight to
ensure saturation without precipitation. Three different
sample-to-detector distances, 1.3, 4.5, and 13 m, were used
to cover the overall q range of 0.008<q<0.54 ��1. It is im-
portant to note that unlike for capsular entities, scattering
measurements for tubular entities were performed at much
smaller angles. Scattering data were then analyzed on Igor-
Pro software provided by NIST.[10] To investigate host–guest
interaction in solution, we first calculated scattering-length
densities (SLDs) of PgC1 trimers with and without ferrocene
guest (Table 1). These SLDs were then held fixed in data
analyses, and the measured data were fitted to various cylin-
drical, spherical, and ellipsoidal models.

Analysis of the data as a polydisperse sphere[11] both with
and without ferrocene guest, however, led to a good fit of
1 as spheres of radius 7.01 and 6.6 �, respectively. A previ-
ous investigation revealed the radius of 7 � for a typical
PgC3 dimer, whereas for a PgC3 hexamer it is 10 �.[12]

Hence, even though all parameters and their error bars look
reasonable for PgC1 with ferrocene, the size of the sphere
reported is equal to that of PgC3 dimer (see the Supporting
Information). On the other hand, the radius of 6.6 � ob-
tained for PgC1 without ferrocene guest is similar to that of
our previous study of ferrocene-enclosed hydrogen-bonded
PgC1 dimer (r= 6.7 �) in methanol.[6] Thus, Schulz sphere fit
for PgC1 without ferrocene guest represents the best fit and
gives a true representation of the PgC1–ferrocene structure
in solution (Figure 2, Table 2).

The structural alteration of solid-state ferrocene-enclosed
PgC1 nanotubes to solution-phase hydrogen-bonded dimer
indicates overall higher stability of dimers over tubes in so-

lution. This study is intriguing,
because it demonstrates not
only the effect of templation to-
wards building molecular hosts
with varying architectures, but
also unique structural variation

Table 1. Calculated SLDs of ferrocene-enclosed C-methylpyrogallol[4]arene assembly.

Sample Molecular formula Density [gmL�1] l [�] SLD [��2]

ferrocene C10H10Fe 1.107 6 1.38 � 10�6

PgC1 (trimer)+ ferrocene C96H96O36 + C10H10Fe 1.16 6 1.83 � 10�6

PgC1 (trimer)�ferrocene C96H96O36 1.2 6 1.93 � 10�6

Figure 2. SANS intensity from C-methylpyrogallol[4]arene ferrocene
tube at a mass fraction of 2%. The solid line is the model fit with a poly-
disperse sphere model. The error bars on the SANS-data points represent
one standard deviation in the measured intensity.

Table 2. Fitting parameters for Schulz sphere model.

Volume fraction (scale) 0.00363651�7.35082 � 10�5

mean radius [�] 6.60685�0.00499484
polydisp [sig/avg] 0.190106�7.1952 � 10�5

SLD sphere [��2] 1.93 � 10�6 (held fixed)
SLD solvent [��2] 5.8� 10�5 (held fixed)
bkg [cm�1] 0.00173012�9.24176 � 10�6

sqrt [c2/N] 1.24958
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and behavior of hosts in the two phases. In addition, the
progression in size observed for pyrogallol[4]arenes dimers
is in agreement with solution-phase SANS studies of pyro-
gallol[4]arene hexamers with varying chain length.[13]

In conclusion, we have described a new inclusion complex
of PgC1 and ferrocene. Unlike the previously reported
dimer, the tubular motif 1 is not stable in methanolic solu-
tion and dissociates into a dimer. Its formation is thus likely
due to a high PgC1-to-ferrocene ratio coupled with shifting
solvent conditions during evaporation. Future research will
focus on studying other hydrogen-bonded as well as metal-
containing nanotubular frameworks in solution.

Experimental Section

Synthesis of C-methylpyrogallol[4]arene (PgC1): PgC1 was prepared in
a similar manner to that described in a previous report.[14] Pyrogallol
(30.07 g, 99 %) was dissolved in ethanol (25 mL). The flask was fitted
with a reflux adapter over an oil bath set at 200 8C and was kept under
steady nitrogen flow. Through the top of the adapter, acetaldehyde
(20 mL, 99.5 %) was added along with hydrochloric acid (1 mL, 12.1
mol L�1). The mixture was then heated at reflux for 12 h, during which
time the color of the solution changed from colorless to a deep red, ac-
companied by the precipitation of a white powder. The mixture was then
cooled for approximately 30 min following reaction, and precipitate was
removed by filtration. The precipitate was washed with additional etha-
nol and dried in a desiccation oven for 24 h. Proton NMR analysis was
used to determine the purity of the resultant powder and showed that
both rccc (cone) and rctt (chair) conformers were present in the solid. To
separate the conformers, the powder was mixed into methanol/water 9:1
(100 mL) and heated until boiling. The mixture was then filtered, and the
filtrate was evaporated on rotor to a solid and dried along with the undis-
solved precipitate in a desiccation oven (7.92 g rccc ; 4.62 g rctt ; total
yield: 35.15 %). Proton NMR spectroscopy was used to establish the
composition of the resultant powders by peaks at d= 6.695 (rccc) and
6.420 ppm and 5.762 ppm (rctt), corresponding to the aryl proton on the
two conformers, respectively, in deuterated DMSO.

Synthesis of (PgC1)3 ACHTUNGTRENNUNG(H2O)1ACHTUNGTRENNUNG(MeOH)1�ferrocene : A stock solution of
PgC1 (10�2 mol L�1) was prepared by dissolving PgC1 powder (0.608 g,
rccc) in methanol/water 8:1 (100 mL). Likewise, a stock solution of ferro-
cene (10�1 mol L�1) was prepared by dissolving ferrocene (0.372 g) in car-
rier solvent (20 mL; benzene, chloroform, ethyl acetate, or acetone). Fer-
rocene solution (100 mL) was mixed with various volumes of PgC1 solu-
tion, ranging from 1 to 10 mL in scintillation vials. Methanol/water 8:1
was then added to each vial to bring the total volume to 10 mL. The lids
on the scintillation vials were partially unscrewed, and crystallization oc-
curred over a period of several weeks. A mixture of crystals often result-
ed at the higher PgC1/ferrocene concentrations, and some manual sorting
of crystals was necessary for SANS analysis. Some evidence also suggest-
ed that use of a lower methanol/water ratio (4:1 or less) can lead to
a greater proportion of crystals of the tubular motif.
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